High spatial resolution imaging of transient thermal events using materials with thermal memory
The recent tendency of miniaturization and achievements in nanoscience and nanotechnology brought about the necessity of accurate temperature measurements on a reduced size scale [1] [2] [3] [4] . In addition, the heat exchange in tiny volumes occurs promptly, hence the measurement needs to be done most often in a limited time window. The lack of spatio-temporal resolution and the increasingly invasive nature of common temperature sensors are the main obstacles one has to overcome in order to achieve this aim. Nanothermometry needs, therefore, a novel paradigm both in the use of materials and thermometric properties. When spatial resolution is important, the most promising techniques are those involving scanning probe microscopies (SPM). For instance, scanning thermal microscopy (SThM) uses thermocouple or resistive probes to map the temperature and/or thermal properties of the surface [5] . These methods can nowadays achieve a spatial resolution of a few tenths of nm [6] . However, as they use contact probes and point-by-point data acquisition they are often invasive and their imaging speed is very slow (typically a few seconds or even minutes). Similar issues arise with electron microscopy-based thermometry techniques, which were reported to reach even sub-10-nm spatial resolution [7] . On the other hand, for high temporal resolution nanothermometry, the most popular techniques are based on far-field optical imaging, such as fluorescence [8] or reflectometry [9] . For example, sub-nanosecond resolution thermal images can be obtained using thermoreflectance. In these cases, however, the spatial resolution is restricted by the diffraction limit.
Here, we present the first experimental realization of a nanothermometry approach, which combines the high spatial resolution of SPM methods with fast transient imaging capability.
Our approach uses a thermosensitive film whose optical properties are temperature dependent.
From this aspect our method bears a resemblance to the well-established liquid crystal thermometers [10] . The primary difference is that in our case the optical properties exhibit a wide thermal hysteresis and the thermometer is used within this bistability region. As a consequence of this thermal memory, the thermally-induced optical changes can be read out even long after the dissipation of heat. In other words the temperature changes can be mapped ex-situ, which is the key interest here, since it allows for using slow imaging methods, such as SPMs, to map fast, transient thermal events.
There are many different materials which exhibit phase transitions with large thermal hysteresis, such as metallic alloys (e.g. NiTi), chalcogenide glasses (e.g. GeSbTe), transition metal oxides (e.g. VO 2 ) and certain transition metal complexes displaying spin transition, valence tautomerism or other cooperative electronic switching phenomena, just to cite a few.
The material choice for the targeted application is reduced, however, by rather stringent experimental constraints. These include the need for a wide (several tenths of Kelvin) and abrupt hysteresis centered at a technologically relevant temperature range, fast phase change kinetics (sub-s), the possibility to process the material as a high quality, large-area, sub-micrometer thin film without altering its properties, a detectable change of physical properties and resistance to fatigue upon successive thermal cycling. Depending on the applications additional requirements may arise. For example, in the case of microelectronic applications the material must be insulating. To demonstrate the feasibility of our concept we used bistable thin films of the spin crossover (SCO) complex (1) Rod shaped nanoparticles of 1 with a mean size of ca. 150 nm (length) x 80 nm (width) were dispersed in ethanol and spin coated on the surface of microelectronic test devices. These latter consist of rectangular gold microwires (length 1 mm, thickness 350 nm) with different widths (2 -8 m), which were fabricated on an oxidized Si wafer by conventional photolithography and lift-off techniques. Due to their small thermal mass, the temporal response of the wires is fast and the heating is spatially well confined. These assets, together with their reliable all-electrical operation (i.e. resistive heating and temperature reading) make these wires ideal test benches for the development of nanothermometry materials -both in static and dynamic regimes [11] . Fig. 1 shows scanning electron microscopy (SEM) images of a microwire device as well as the atomic force microscopy (AFM) topography of the spincoated nanoparticle film of 1 (see also Fig. S1-S2) . A dense coverage was obtained over the whole surface of the device with an average thickness of ca. 300 ± 50 nm. The bistability range of the thermometer film was determined by far-field optical reflectivity measurements.
As depicted in Fig. 1c , upon heating the reflected light intensity increases nearly linearly up to 393 K where it exhibits an abrupt increase of ~3 %. In the cooling mode opposite changes are observed with an abrupt drop of the reflectance around 353 K defining a perfectly reproducible, ca. 40 K wide thermal hysteresis loop. The abrupt reflectance changes correspond to the well-known spin transition of 1 between the low spin (LS) and high spin (HS) electronic configurations [12] . Far from the spin transition, the increase of reflectance with temperature can be accounted for ordinary thermal expansion and associated refractive index changes. On the other hand, the brusque change of the reflectance upon the spin transition is primarily related to the very significant strain (V/V = 11 % [13] ) and concomitant refractive index variation, which accompanies the phase transition in 1.
Obviously, the measured reflectance depends not only on the spin crossover layer, but also on the composition and thickness of the device materials as well as the wavelength, propagation direction and polarization state of the probe light and must be thus calibrated in each case. Thermometry methods based on a surface coating are usually classified as semi-invasive as they introduce inevitably some disturbance to the temperature field [14] . To investigate the impact of the film of 1 on the temperature distribution in our device we have carried out a detailed numerical simulation both for steady-state and transient heating. We solved the heat conduction equation by finite element analysis using the COMSOL program. The average temperature of the wires was also determined experimentally from steady-state and timeresolved electrical resistance measurements (see Fig. S3-S4 ). As an example, for a sharp, step- A possible application of our nanothermometer is the spatially resolved detection of overheating above a threshold temperature in different parts of a micro/nanoelectronic device during its long-term operation. Indeed high density integrated circuit packing and increased switching speeds can lead not only to increased average chip temperature, but also to local hot spots, which can significantly decrease the performance and reliability of microelectronic circuits. To demonstrate this application potential of our thermometer, we have reproduced an overheating situation in a microelectronic circuit. We applied to a wire a square ac current with a frequency of 1 kHz and amplitude of 20 mA (Fig. 2a) . In these conditions the temperature of the wire rises and decreases alternately by ca. 9 K. This thermal excitation will be considered as the 'normal operation' of the device. We thus fixed the temperature of the whole chip at 374 K (see dashed line in Fig. 1c ) so as to avoid any spin-state switching in these 'normal operating conditions'. We let the circuit operate during 30 min under these conditions and have recorded its far-field optical reflectance image by a conventional optical microscope before and after operation. As shown in Fig. 2a the difference of the two images recorded before and after device operation remains rather featureless and it is difficult to conclude about any excess heating. (N.B. It is possible to discern in this image the gold surfaces with respect to the SiO 2 , but this difference does not correlate at all with temperature differences, it reflects simply a different measurement noise on different surfaces.) In the next step we repeated the same experiment, but we added a spurious thermal burst of 5 µs duration and 50 mA amplitude over the ac signal during the device operation (Fig. 2b) . From electrical resistance measurements we determined that this current spike induces a ΔT of ca. 23 K in the wire, which is high enough to change the spin state of our thermometer from LS to HS (see arrows in Fig. 1c) . It should therefore result in a local persistent increase of the optical reflectance. Fig. 2b shows the difference of the reflectance images recorded before and after the 'faulty operating conditions' wherein one may note a bright stripe along the microwire.
This strong spatial confinement of the reflectance change -associated with the transient heating event -is in excellent agreement with the numerical simulation results, providing thus a clear proof of our transient thermal imaging concept. These reflectance changes were perfectly reversible and reproducible over several switching experiments.
The basic function of our thermometer material is to detect whether or not heating/cooling above/below a threshold temperature has occurred at a given location during a fixed period.
Nevertheless in the case of repeatable thermal events it can allow also for the quantification of The far-field image (ca. 2 m resolution) of a random transient thermal event shown in Fig. 2b would be extremely difficult to acquire by any other thermometry method. Thanks to our bistable thermometer material we could obtain this image in a straightforward way by an ordinary CCD camera under low-intensity light exposure through a cheap ×5 magnification
objective. This is a considerable advantage over fast transient thermal imaging approaches.
These latter are based on either real-time monitoring or pump-probe techniques and are barely compatible with high resolution SPM imaging. The remarkable advantage with our thermometry approach is that the transient heating information is stored in the memory of our thermometer and can be thus read out using even very slow imaging techniques. An additional advantage is that the SPM probe becomes less invasive since (moderate) temperature changes induced by the SPM probe do not alter the spin-state of the thermometer (Fig. S6) . To highlight the outstanding spatial resolution of our nanothermometer we have acquired nearfield reflectivity images of our microwire device using near-field scanning optical microscopy (NSOM). NSOM images of a device held at 382 K are shown in Fig. 3a before and after applying a current pulse (T = 52 K) to the wire (see Fig. S7-S8 for further images) . The difference of the two images (Fig. 3b) allows to discern fine, sub-wavelength details in the heated area. Similar to the far-field experiments a well-localized increase of the reflectance signal is observed on the wire following the current pulse. This is particularly clear in the NSOM cross-sections traced perpendicular to the wire (Fig. 3c) . Interestingly, the increase of the reflectivity signal in near-field (ca. 10 %) was repeatedly higher than that of the simultaneously recorded far-field signal (ca. 3%). NSOM images in Fig. 3 were acquired with a resolution of ca. 300 nm, but the spatial resolution of the NSOM analysis can be obviously further improved using smaller aperture tips and shorter tip-sample separation during signal acquisition. However, the real bottleneck to increase the spatial resolution is related actually to the thermometer material. One must remind that the spin transition in the particles is first-order and occurs thus by nucleation and growth. When the local temperature is sufficiently high to overcome the nucleation barrier the whole particlestrictly speaking the whole coherent crystalline domain -is transformed to the HS phase in a cooperative manner. Spatial resolution below the particle size is therefore not achievable.
Due to the time-temperature integration principle of our thermometer it provides basically no temporal resolution. It is, nevertheless, important to assess how short transient heating can be detected in the device. To examine this question we used a single, sharp (< 25 ns rising and falling edges) current pulse of fixed amplitude (50 mA) and variable length (1 -100 s).
Between two pulses the device was reset to its initial state by cooling it below the hysteresis region. For pulse durations between 10 -100 s, a reflectivity rise of ca. 1.3 -1.5 % is observed on the wire (see Fig. 4a ), which corresponds to a full conversion of the thermometer to the HS state in the given experimental conditions. For shorter pulses the reflectivity changes become less pronounced and finally no change is observed for a single 1 s pulse.
This contrasts with our experimental and simulation data, which show clearly that the microwire reaches its steady-state temperature in ca. 1 s (Fig. S4) . The delay between the temperature rise in the wire and the response of the thermometer delay is most probably related to the slow propagation of the heat wave within the SCO layer whose thermal diffusivity is rather low (ca. 10 ). We have examined this issue using numerical simulations ( Fig. 4b-4d ) and complementary experiments (Fig. S9) , which revealed that the presence of the thermometer layer did not impact much the response time of the gold wire itself, but the thermalization of the SCO material was indeed delayed on the s scale.
Obviously, by reducing the film thickness the thermalization times can be improved, but at some point the intrinsic spin-state switching rates will provide a bottleneck. The spin-state interconversion rates far from the bistability region have been extensively studied for a wide range of complexes and the observed rate constants fall between 10 6 -10 9 s -1 near room temperature [15] . On the other hand, some reports indicate a slowdown of the kinetics within the hysteresis region [16] . At this stage it is thus difficult to conclude whether one can expect a significant improvement of the thermometer response below the s range with SCO compounds by simply reducing their thickness (i.e. the their thermalization time). In summary, we have shown that a spin crossover compound exhibiting thermal hysteresis used in conjunction with a scanning probe microscopy technique allows for sub-wavelength resolution imaging of s scale transient heating phenomena -even if this latter occurs in an erratic way. To our knowledge no other nanothermometry method is able to provide such information. As mentioned before some further improvement of the spatial and temporal 
Sample synthesis and characterization
An aqueous solution of Fe(BF 4 ) 2 ·6H 2 O (211 mg, 0.625 mmol in 0.5 mL H 2 O) was added dropwise to a mixture of 1.8 mL of Triton X-100, 1.8 mL of hexanol and 7.5 mL of cyclohexane. Then, a solution of H-trz (131 mg, 1.87 mmol in 0.5 mL H 2 O) was added dropwise to another Triton -hexanol -cyclohexane mixture with the same composition. The two microemulsions were quickly combined. The mixture was stirred for 24 h, followed by addition of ethanol to destroy the structure of the microemulsion. The nanoparticles (Fig. S1) were recovered by centrifugation, washed three times with ethanol and dried at 70 ºC for 12 h. 50 mg of this powder was disaggregated with ultrasonic treatment and mechanically dispersed in 2 ml absolute EtOH. This dispersion was then spin-coated (speed 4500 rpm, acceleration 4000 rpm/sec, duration 30 sec) on a clean chip with microwires. 
Microwire heater fabrication
The microwires were fabricated by means of photolithography both on oxidized (650 nm SiO 2 ) silicon substrates. A negative photoresist (nLOF) was spin coated and exposed to UV radiation through an appropriate mask in order to pattern the wires and the electrodes in the same time. The patterns were revealed in a 1:1 mix of NLOF developer solution and deionized water. After this, metallization (Ti and Au of 10 nm and 350 nm, respectively) was performed, followed by lift-off in acetone. Each chip contains several wires that vary in length from 1 to 2 mm and in width from 2 to 8 m (Fig. S2) . The geometry of the device was controlled using SEM, profilometry and ellipsometry. 
Steady-state thermal characterization of microwire heaters
All electrical characterizations and measurements were carried out by applying current (i.e. not voltage) bias in order to guarantee always a reproducible current excitation and associated Joule heating. The thermal variation induced by the current bias generates a delta of resistance ΔR in the wire proportional to the temperature change ΔT that can be described as: ∆ R=R 0 α 0 ∆ T , where R 0 is the resistance of the heater and α 0 the linear temperature coefficient of electrical resistance at the temperature of measurement T 0 . The temperature difference ΔT is an averaged value of the ΔT induced in the whole wire. The variation of the resistance of the wires at low bias current was measured in 4-probe configuration as a function of the temperature between 293 and 353 K using a Kethley 6430 source-meter and a heating-cooling stage and the value of α 0 was calculated (typically 0.0026 K -1 ). In a second time, the resistance of each heater was determined as a function of the applied electrical current bias while keeping the temperature of the stage fixed at 293 K. Assuming that the variations of the measured resistance for each wire come primarily from the temperature change of the wire, a relationship between I and T was finally established (Fig. S3) . 
Transient thermal characterization of microwire heaters
To monitor electrically the transient heating of the wires, we implemented a transient differential resistance measurement (see ref. [11] for details). Briefly, this custom-built setup sends sharp current steps (rising time ≤ 25 ns) to the heater under study ( R h ) and a reference resistance ( R ref ) of identical value as the heater (at small bias) and negligible α. The output of the circuit is an amplified version of the voltage difference V diff =V h −V ref between the voltage on the heater and the voltage on the reference resistance. Since R ref will remain unchanged independently of the applied current, the signal V diff will be a scaled version of the ΔT induced on the wire due to Joule heating. As it was noted above we used a current (and not voltage) pulse in order to provide a known excitation to the heaters even if the resistive paths around them are different. The output voltage difference V diff as well as the voltage measured on the wire under study and on the reference resistance were recorded by a Tektronix oscilloscope (bandwidth 100 MHz). As shown in Fig. S4 the thermal rise time of the devices in our operating conditions fall in the sub-microsecond range. 
Finite element simulations of the temperature distribution in the microwires
The 3D steady-state and transient temperature distributions in the devices were simulated using the finite element method (FEM) by numerically solving the heat equation as implemented in the software package COMSOL ('Joule Heating' and 'Heat Transfer' modules). Due to the small heating area and the relatively narrow temperature range covered (293 -403 K), the radiation losses were considered negligible. This left us with a simplified thermal description of the system, which largely depends on the power input for the heat generation via Joule heating in the metallic wire, the thermal properties of the materials (see Table S1 ) and the system boundary conditions for the power losses. Since the relevant thermal properties of the SCO layer of 1 are not known this layer was modelled by an equivalent thickness of PMMA (Poly(methyl-methacrylate)), which is expected to display similar thermal diffusivity as 1. This approximation is corroborated by the very satisfactory agreement between the experiments and the numerical simulations. Further confirmation can be inferred from the data in Fig. 4a . By considering the thickness L of the SCO layer (ca. 300 nm) and the characteristic thermalization time  (ca. /s, which is of the same order of magnitude than that of PMMA. When analyzing the simulated 3D temperature distribution in the heaters, we were particularly interested in the confinement of the temperature obtained in the metallic part of the device as well as the temperature gradient in the thermometer layer. Overall we have found that the temperature in the wires is very uniform and the added thermal load of the SCO layer did not perturb significantly the steadystate heat distribution in the device (see Fig. 1d ). The transient analysis in COMSOL was performed by applying a current step of a few ms with a rise and decay edge of 4 ns. The corresponding function in the COMSOL library is a smoothed Heaviside function with a continuous second derivative without overshoot (flc2hs). The FEM simulation of the transient thermal response of a microwire is extremely time and computation resources consuming. Therefore, we have simulated the time response of only one microwire (A) with dimensions of 350 nm height, 2 µm width and 1 mm length. Calculations were performed both with the uncoated and coated (300 nm SCO layer) microwire. Representative results are shown in Figures 4b and 4c . We observe ca. 1.01 s rise time for the clean wire for 50 mA excitation, which compares nicely with the experimental value (0.98 s) shown in Fig. S4a . The thermal load of the SCO layer slows down the system and the rise time increases to ca. 1.75 µs (for the same excitation). 
Construction of temperature maps of transient thermal events
The principle of the temperature measurement is as follows. First, the reflectivity of the device in the OFF state is determined as a function of T for selected regions of interest, ROIs (for example, for each pixel of the CCD camera or for binned pixels). In a second step the same measurement is repeated, but at each temperature the device is switched to the ON state before the acquisition of the reflectivity signal. The difference between the apparent transition temperatures in the two cases (i.e. ON and OFF states) accounts for the heating induced by the device operation. This protocol is illustrated in Fig. S5 
NSOM experiments
The set-up for combined far-field and near-field optical reflectivity measurements is based on a Nanonics Multiview 2000 AFM-NSOM instrument. For far-field reflectivity detection the sample was illuminated with a halogen lamp through a ×20 magnification / 0.4 numerical aperture objective and the light reflected by the sample was detected by a CCD camera (Clara, Andor Technology). For near-field reflectivity measurements a blue line (488 nm) of an argon ion laser was coupled to an NSOM tip fiber. The evanescent waves produced at the fiber aperture (ca. 70 nm) and diffracted by the sample were collected by the microscope objective in far-field and detected by a photomultiplier tube. A combination of bandpass filters and beamsplitters were used to separate light from the halogen lamp and the laser. For imaging purposes the NSOM was operated either in AFM feedback or in constant-height mode ca. 60 nm above the surface, which was determined from preliminary AFM scans. While the former method provides better spatial resolution, the latter approach is less invasive.
Since the laser irradiation used to acquire NSOM images can also contribute to the heating of our thermometer material we have first carried out a series of experiments to determine the threshold power. As shown in Fig. S6 , below ca. 2 mW power the laser-induced heating is negligible. In the next step simultaneous far-field and near-field reflectivity experiments were carried out with the thermometer material deposited on the microwire heaters. These experiments (Fig. 3, Fig. S7 and Fig. S8 ) show basically the same results, i.e. an optical reflectivity increase tightly confined to the heated wire. 
Thermalization time
To assess the thermalization rate of our SCO thermometer layer an experiment was carried out wherein we applied to a microwire 10 current pulses of 1 s duration and 50 mA amplitude while keeping the substrate at 374 K. Fig. S9 shows the results obtained when reducing the delay between the pulses from 3.0 to 1.3 s. For the longest delay no change is observed, i.e. the pulses are "independent". When reducing the delay to 2 s, a reflectivity change is observed, which becomes more and more pronounced for shorter delays. In other words, heat
accumulates progressively during the pulses. This experiment indicates that heat diffusion time in the SCO layer is of the order of a few s in our experimental conditions. 
